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PAC  Kinetics  H2  Model  Development 

Plasma  model: 

•  Plasma  assisted  combustion  models  for  hydrogen  oxidation  understood  for  conditions  of  low  energy 
loading  per  molecule.  It  means  low  ionization  degree  -  we  can  neglect  e-e  collisions  and  EEDF 
Maxwellization  due  to  this  process. 

•  We  have  complete  set  of  cross-sections  for  rotational,  vibrational  and  electronic  excitation, 
dissociation,  dissociative  ionization,  ionization.  These  cross-sections  were  verified  both  for  two- 
term  approximation  of  Boltzmann  equation  (local  EEDF)  and  could  be  modified  for  non-local  case  of 
extremely  strong  electric  fields  (differential  cross-sections  are  also  available). 

Afterglow  Model: 

•  Because  of  fast  relaxation  we  assume  Ttr  =  Trot  for  ground  state. 

•  We  have  recombination  rates  for  ion-electron  collisions,  ion-ion  recombination  (in  some  cases  the 
products  are  unknown).  Rates  of  complex  ions  formation/decomposition  are  unknown  for  elevated 
temperatures  -  but  these  ions  control  the  plasma  recombination  rate. 

•  Quenching  rates  of  major  states  are  available,  in  some  cases  products  are  unknown.  Specifically  we 
do  not  know  the  products  of  reactions  N2*  +  H2  ->  ... 

Chemical  Model: 

•  We  have  complete  state -to -state  model  of  chemical  reactions  including  vibrationally-nonequilibrium 
conditions  for  H2-air  system  since  2001. 

•  We  have  verified  this  model  for  300  K  (low-P  reactor),  300-800  K  (1  atm  streamer)  and  800-1500 
K  (0.5  atm,  reflected  shock  wave). 

Unsolved  problems: 

•  Because  of  huge  number  of  reactions  some  pathways  are  still  questionable.  We  need  to  investigate  in 
more  details  the  products  of  electron-ion  and  ion-ion  recombination,  products  of  electronic  states 
dissociative  quenching  (focus  on  electronically -excited  products  formation). 

•  Reaction  rate  coefficients  of  electronically  and  vibrationally  excited  species  should  be  verified  in 
some  cases. 

•  We  need  additional  analysis  of  the  role  of  complex  ions  in  recombination  and  chemistry  at  low-T 
conditions. 
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Plasma  Assisted  Combustion: 
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Mechanism  of  Fast  Heating  in 

Air  Plasma 


E/N,  Td 


Potential  Energy  Curves 
of  Molecular  Hydrogen 


H2(^Su),  8.9  eV 
CTmax  =  0.33  A2  (1 7  eV) 

H2(a3Sg),  11.8  eV 
CTmax  =  0.1 2  A2  (1 5  eV) 

H2(B%),  11.3  eV 
CTmax  =  0.48  A2  (40  eV) 

H2(C1nu),  12.4  eV 
CTmax  =  0.40  A2  (40  eV) 
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Potential  Energy  Curves 
of  Molecular  Oxygen 
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Potential  Energy  Curves 
of  Molecular  Nitrogen 


N2(/l3Su+),  6.2  eV 
omax  =  0.08  A2  (1 0  eV) 

N2(B3ng),  7.35  eV 
CTmax  =  0-20  A2  (1 2  eV) 

N2(C3nu),  11.03  eV 
CTmax  =  0-98  A2  (1 4  eV) 


Major  Channels  of  Hot  Atoms 

Production 


N2  +  e  =  N2(C3nu)  +  e; 

N2(C3I1U)  +  H2  =  N2  +  2H(1S)  +  6.55  eV; 
N2(C3nu)  +  02  =  N2  +  20{3P,1D)  +  3.9  eV; 
02  +  e  =  e  +  20(3P,1D)  +  1.3  eV; 


k  =f(E/n) 

k  =  3.2xlO'10  cm3/s 
k  =  2.7xl010  cm3/s 
k  =f(E/n) 


H2  +  e  =  e  +  2H(1S)  +  4.4  eV; 


k  =  f(E/n) 


Chain  Initiation/Branching  Reactions 


H  +  02  =  O  +  OH 

k  =  1.6x10 10  x  exp(-7470/T)  cm3/s 
k(300)  =  2.5x10 21  cm3/s 
k(hot)  =  1.6x10 10  cm3/s 

H  +  02  +  M  =  H02  +  M 

o  +  h2  =  h  +  oh 

k(300, 1  atm)  =  1.6x10 12  cm3/s  Tcrit  ~  Tautoignitjon 

k  =  8.5xlO'20  x  T2  67  x  exp(-3160/T)  cm3/s 

k(300)  =  9.3x10 18  cm3/s 

k(hot)  =  1.5x10 10  cm3/s 

k(1D)  =  l.lxlO10  cm3/s 

o  +  o2  +  m  =  o3  +  m 

H(hot)  +  (N2,H2)  =  H  +  (N2,H2) 
O(hot)  +  (N2/02)  =  O  +  (N2,02) 
H(hot)  +  Oz  =  H  +  0  +  0 

H(hot)  +  H2  =  H  +  H  +  H 

k(300, 1  atm)  =  2.2x10 14  cm3/s  Tcrit  ~  650K 

k  ~  2m/M  kgk  ~  1.6xl010  cm3/s 
k  ~  2m/M  kgk  ~  1.3xl010  cm3/s 

0(1D)  +  (M)  =  O  +  (M) 

k  =  2.6x10 11  cm3/s  (M  =  02) 
k  =  1.3x10 11  cm3/s(M  =  N2) 
k  =  5.2x10 11  cm3/s  (M  =  H2) 

Relative  Rate  of  Radicals  Production 


Radicals  Production  Increase 
in  Cold  H2-Air  Mixture 
Due  to  Hot  Atoms  Formation 
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SUMMARY  - 1 


Experimental  Facilities 

1.  Rapid  Compression  Machine. 

P  =  10-70  atm,  U  =  120  kV 
1  GW  in  60  ns 


1.  Plasma  Shock  Tunnel.  M  =  3-5,  U  =  100  kV 

0.5  MW  during  1  ms 


1.  Plasma  Shock  Tube.  T  =  800  -  2000  K,  U  =  120  kV 


SUMMARY  -  2 


Major  Results 

Two  new  mechanisms  of  PAC  proposed: 

1)  Influence  of  Vibrational  Excitation  on  Low-Temperature  Kinetics 

N2  +  e  =  N2(C3)  +  e 
N2(C3)  +  02  =  N2  +  O  +  O 
02  +  e  =  0  +  0  +  e 

N2  +  e  =  N2(v)  +  e 
N2(v)  +  H02  =  N2  +  H02(v) 

H02(v)  =  02  +  H 

Synergetic  Effect  of  High  and  Low  Electric  Fields 

2)  Radicals  Production  Increase  Due  to  Hot  Atoms  Formation 

N2(C3nu)  +  H2  =  N2  +  2H(1S)  +  6.55  eV 
N2(C3nu)  +  02  =  N2  +  20(3P,1D)  +  3.9  eV 
02  +  e  =  e  +  20(3P,1D)  +  1.3  eV 
H2  +  e  =  e  +  2H(1S)  +  4.4  eV 


SUMMARY  -  3 


Major  Results 

Plasma  Ignition  Efficiency  for  Different  Fuels  Analyzed 
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Future  Plans 


1)  Role  of  Translational  and  Vibrational  Nonequilibrium 
Analysis  of  non-Boltzmann, 

non-Maxwell  regimes  of  reactions 


2)  Reference  Experiments  Database  for  PAC 
High-pressure  regimes  (RCM) 

Low-pressure  regimes  (STube) 

High-speed  conditions  (STunnel) 

Jet  Fuel  Composition 


3)  “Best  Fuel  for  PAC” 


Ideal  Carbon  Length  C8-C16 
Paraffins 


70 %-B5% 

Normal  Paraffins 

Iso-Paraffins 

Cyclic  Paroffins 

Aromatics 

< 25 % 

o 

Toluene 

n-propylbenzerre 

CO 

Naphthalene 

Trace  Compounds 

<1% 

OX 

Dibenzathiophene 

Diethylene  glycol 

o 

Phenol 

monomethyf  ether 


Major  International  Collaborations 
and  International  Projects 


Nickolay  Aleksandrov  (MIPT,  Russia) 

Ilya  Kosarev  (MIPT,  Russia) 

Sergey  Pancheshnyi  (ABB,  Austria) 

Svetlana  Starikovskaya  (LPP,  France) 

PROJECTS: 

PARTNER  UNIVERSITY  FUND  "Physics  and  Chemistry  of  Plasma- 
Assisted  Combustion"  (Princeton-LPP) 

RUSSIAN  FEDERAL  PROGRAM  "Plasma-Assisted  Combustion  Ultra- 
Lean  Fuel-Air  Mixtures  for  Energy  Devices  Efficiency  Increase" 

(Princeton-MIPT) 


